Abstract-New sub wavelength resonant particles are proposed. The resonant frequency of the particles is reduced by increasing the length of the resonators and increasing the coupling between resonators. Since this frequency reduction is equivalent to an area reduction, the structure can be used to achieve high compactness levels in Left Handed (LH) based circuits. As illustrative example an LH cell is implemented by using this new resonator.
The metamaterial field has been object of a great interest in the last years. Since the publication of the first left handed synthesized metamaterial in 2000 [1] , there have been hundreds of publications related with these artificial media. Many of the fabricated metamaterials are based on sub-wavelength resonators, such as the split rings resonator (SRR). This particle becomes also of great interest to the design of reduced size planar passive components due to the fact that these structures can be understood as a clever way to implement compact LC resonators. Thus, several microwave components have been designed and fabricated based on SRRs, where both left handedness and conventional (right handed) propagation have been used [2] [3] [4] [5] .
In this work, a variation of the SRR structure is proposed in which, by using vias and metallic strips, the sub-wavelength property of the SRRs is enhanced. Due to this miniaturization enhancement, we call this new particle Ultra Compact Split Rings Resonator (UCSRR). In section II, the structure is presented and its main properties and possibilities of size reduction as compared to SRRs are discussed. This latter point is illustrated through experiments. In section III, the possibility to implement LH cells by using the proposed UCSRR is discussed. As it has been shown in other works by the authors [3] , these LH cells can be used to implement standard filters with high performance and small dimensions. Here similar LH cells are implemented by using UCSRR and SRR with open windows in the ground plane. Similar behaviour, namely left handedness, is demonstrated in both cases. Finally, in section IV, the conclusions of the work are exposed.
STRUCTURE AND PROPERTIES OF THE UCSRR RESONANT PARTICLES
As it is well known, the SRR was initially designed with the aim to be a small size resonator as compared with the signal wavelength at the resonant frequency [6] ; in other words, it is a subwavelength resonator. To achieve this goal, a high coupling between the two rings forming the structure is required. This way, the individual resonances of either ring forming the SRR split-off, with the result of two new resonant frequencies for the SRR: one below and another above the pair of resonances corresponding to either isolated ring. The lower frequency can be driven to small values provided there is a strong coupling between the inner and outer ring. Thus, it is at the first resonance where the particle can be made electrically small [7] . Figure 1 shows how the coupling between the inner and outer rings is able to reduce a percentage of roughly 20% the resonant frequency of the isolated outer ring. To obtain these frequency responses, we have carried out simulations of the individual rings and the SRR by exciting them by means of a microstrip configuration (Agilent ADS2005A-Momentum has been used).
With the aim to further reduce the first resonant frequency of the structure, vias and strips in the bottom side of the substrate are added to the resonator design. The resulting structure is shown in the inset of Figure 2 . This addition will reduce the resonant frequency of the structure in two different ways. First of all, by incrementing the length of the two individual resonators, a reduction of the inner and outer single rings resonances is achieved. On the other hand, due to the position of the vias and the metallic strips in the second metallic layer, the coupling between the resulting inner and outer resonators is incremented.
The structure shown in Figure 2 has the same dimensions than the SRR shown in Figure 1 however, as can be appreciated, comparing Figure 1 and Figure 2 , the resonant frequency of the proposed structure is 50% lower than the SRR resonant frequency. For this reason we will call the structure Ultra Compact Split Ring Resonator (UCSRR). In Figure 3 (b), it can be appreciated the S-parameters measured for SRR and UCSRR structures of similar dimensions (shown in Figure 3(a) ), fabricated on a Rogers RO3010 substrate. The structures measured in Figure 3 correspond to those simulated in Figure 1 and Figure 2 . However, the frequency reduction is lower in the measurements (∼ 45% instead of the 50% simulated result). The differences can be explained as due to the tolerances in the fabrication process. Nevertheless a good agreement between simulated and experimental results is found.
LEFT HANDED CELL IMPLEMENTED BY MEANS OF UCSRR
Although the resonances measured in the UCSRR are slightly weaker than those observed in the SRR, these particles are suitable to implement LH structures. To demonstrate this affirmation a basic cell similar to the proposed in [3] has been implemented. The only difference between the basic cells proposed here is that a window in the ground plane (area depicted in grey in the Figure 4 (a) and Figure 4(b) ) below the resonant particles is added. The layout of the LHM basic cells operating at the same frequency are depicted in Figure 4 (a) and Figure 4(b) . The equivalent circuit model of the cell is the same than that discussed in [3] and it is shown in Figure 4(c) . The open window in the ground plane underneath the SRRs modifies the values of C S and L S but does not modify the circuit model shown in Figure 4 (c). The LH behaviour of a structure implemented using this basic cell is described in detail in the work [3] . In the case of the basic cell with the UCSRR the same circuit model (with appropriates values for C S and L S ) can be used.
To verify the LH nature of these basic cells it is needed to evaluate the dispersion diagram where the frequency is depicted as a function of the electrical length β · l. This electrical length, in those regions where the attenuation constant α is zero and hence the complex propagation constant is γ = jβ, can be evaluated from the expression:
where φ T is the phase of the S 21 and T is the magnitude of the S 21 parameter. In Figure 5 are plotted the S-parameters of the two basic cells for LHM and the corresponding β · l. As can be appreciated the slope of the β · l plot indicate LH behaviour in the bandpass for both structures i. e., a different sign between the group and phase velocities. It must be mentioned that the only regions where β · l is representative are those corresponding to the left handed behaviour, since it is in that regions the attenuation constant is roughly null.
CONCLUSION
A new sub-wavelength resonant particle based on the SRR is proposed. In the new proposed particle, the characteristics which produce the sub-wavelength character in the SRR resonator are intensified achieving a 50% reduction in the resonant frequency with similar dimensions. The proposed particle is suitable to implement LH media with high level of miniaturization. Work is in progress to extend these ideas to reduce the dimensions of other resonant particles.
